Abstract-This paper considers a paging problem in the optical feeder microcellular system where group simulcasting and dynamic channel allocation technologies are incorporated. The objective is to propose an effective paging procedure whose performance is measured in terms of paging load, average paging delay, and paging success probability. In the paging procedure, paging signals are transmitted via group simulcasting, for which the control channel is allocated dynamically. The performance of the procedure is analyzed in an approximate queueing network model. The proposed procedure is then compared in performance with a simulation approach, from which the procedure is found to outperform any previous methods in the literature.
allocation and handoff management, are transferred to mBSC. Thus, by incorporating such a simple mBS structure, the overall infrastructure cost can be reduced [1] .
In order to reduce the associated handover rate, the group simulcasting technology will be considered in the cellular system for call transmission, which can be controlled by a group server at mBSC. By the group simulcasting technology, several cells can be served together so that they are in a group to be controlled by its group server. Accordingly, radio signals can be simulcast from each mBS within the group so that no handoff may be incurred by any mobile user (MU) moving between any two cells within the same group [4] , [5] . Thereby, the group simulcasting technology can help to decrease handoff rate and contribute to share system resources among cells. Throughout this paper, the term "group" means a group of cells being considered for group simulcasting for voice/data transmission. Moreover, by using a spectrum delivery switch (SDS) at the mBSC, channels can be allocated dynamically to each group of cells [2] . Based on these advantages, the optical feeder microcellular system has been expected to play the key role in the era of such third-generation cellular systems as IMT-2000. Research has been reported regarding the performance promotion and architecture development of the optical feeder microcellular system. For example, an infrastructure that can support both the broadband property of optical link and the mobility of wireless communication has been proposed in [1] [2] [3] [4] [5] [6] . The group simulcasting technology has been considered for various multiple access systems in [1] , [4] , and [5] . Channel management with SDS has also been considered in [2] and [3] .
In the optical feeder microcellular system, the issue of location management is also important with respect to location-management traffic reduction. Location management is considered to keep track of the location of each MU so as to be able to find him accurately, at every incoming call instant. In location management, two major tasks are considered, including location registration and paging. Location registration is considered to update the associated location database and authenticate each MU when his up-to-date location information is available. Paging is considered to search for each MU based on the location information available at the database when a call to him is initiated. All signals related to location management are transmitted via a separate channel, called a control channel. The channels for voice/data transmission are called data channels. In general, location management is mainly concerned with a fair amount of signal over radio links, as well as with radio channels that are scarce resources (i.e., limited resources). Therefore, it is important to utilize the capacity of radio channels as efficiently as possible so as to reduce the associated system cost.
As found in the literature, much research has been conducted to develop an efficient location management procedure. Most of the work has focused on location registration methods and algorithms for designing location registration areas [7] , [8] . Little work has been concerned with paging. For example, Rose and Yates [9] have proposed a paging search strategy subject to a paging time limit. They have also evaluated the performances of various paging methods in a queueing model approach [10] . Tonuz et al. [11] have developed a simple analytical framework to compute the optimum size of location registration areas and compared the associated location management costs with those of various paging methods. However, no one has yet considered the above-mentioned location management problems for the optical feeder microcellular system. It is easily seen that the microcell architecture and central management feature of the optical feeder microcellular system require many modifications on conventional location management. This provides the authors with the motivation to consider the location management issue. Specifically, this paper presents an effective paging procedure for the optical feeder microcellular system, along with its architecture.
The remainder of this paper is organized as follows. Section II describes previous work related to paging methods. In Section III, the paging procedure of the optical feeder microcellular system is discussed in the approach of the associated queueing model. In Section IV, the approximation analysis method for the queueing model is developed. In Section V, the paging procedure is further evaluated via a simulation approach in a more realistic situation. Section VI makes some concluding remarks.
II. PREVIOUS WORK
This section begins with a brief introduction to location registration methods. Reviews of various paging methods are also made. Throughout the rest of this paper:
number of cells in a registration area (RA); maximum number of cells in a paging area (PA); number of control channels in an RA; number of PAs in an RA; arrival rate of paging request in an RA; mean completion rate of paging (searching) event; paging time limit.
A. Location Registration
In order to correctly deliver calls, the associated mobile communication network needs to keep track of the location of each MU and store the location information at the associated location database, for which an updating procedure is also needed. This updating procedure is called location registration. Location registration is initiated by an MU as he reports his current location to the network. This reporting process is called location updating. However, due to limited channel resources, it is important to reduce the location updating signals as much as possible.
A variety of different location updating methods have been proposed in the literature [12] [13] [14] . Among them, the areabased (zone-based) location updating method has been used for current PCS systems where the associated network coverage area is divided into several RAs and each MU performs his location updating whenever he moves from one RA into another. In order to reduce the associated location updating traffic, the larger RA is preferred, while yielding larger paging signals. This provides the authors with the motivation to consider the area-based method for location registration, as most previous cellular systems have adopted.
B. Paging
For delivering each incoming call, a searching mechanism is needed to search the cells of the corresponding target (called) MU within the associated RA for determining the present whereabouts of the target MU. In current PCS systems, such a searching mechanism is incorporated within a paging procedure where searching is made via broadcasting paging signals. Then, upon receipt of the paging signals, the target MU sends a reply message for the associated system to identify his currently residing cell. Note that designing of such a paging procedure is subject to limited channel resources, so that it is important to decrease paging traffic load. However, if the target MU is not found within a certain time limit, say, 2 or 3 s, the system will abandon searching for the target MU so that the incoming call may not be served. This provides the motivation of developing a paging procedure that will cause neither much paging delay nor heavy paging signal load.
Among several ways of paging, the way of paging (searching) all the cells of a RA simultaneously is the simplest way, known as "simultaneous paging" or "blanket polling." However, it requires one to broadcast paging signals in every cell of the RA, so that the paging traffic generation will depend very much on the size of the RA and the traffic will dramatically increase in the next-generation system being composed of a large number of microcells. Therefore, paging subgroups of the RA sequentially may be more effective. Consider the situation where the RA is split into many smaller subgroups, called paging areas (PAs), and PAs are paged one by one sequentially for any incoming call to search for the associated target MU. This one-by-one method will be called "sequential paging" if each PA is composed of only one cell. On the other hand, if each PA is composed of more than one cell, then the method will be called "sequential group paging." For each of these two different types of PAs, the associated searching (paging) strategy must be specified to determine the search sequence of PAs. It is common to specify such strategy based on location probability. The location probability of an MU in each cell represents the probability that the MU resides in cell . This probability can be estimated based on an MU's moving direction and velocity [15] or by the historical location data of each MU [16] . It is also known [9] that if the MU has a location distribution satisfying the relation , then the number of pagings to be made to find the MU will be minimized by searching all the cells sequentially. In the sequential group paging case, all the cells belonging to a PA are paged simultaneously. Therefore, it may be desired to divide the cells of an RA appropriately into several PAs so as to reduce paging delay but with little increase of paging traffic load. Now, assume that a PA has a capacity of cells. Select the highest location probability cells from among all the remaining (not yet searched) cells and group them as a PA. Then, it can be seen that this way of cell grouping for every PA will lead to the minimum number of pagings to be made [10] .
Rose and Yates [10] have derived queueing models for the above three paging methods to compare them one against another in terms of mean paging delay. The mean paging delay is defined as the average time elapsed from the arrival time of a paging request until finding the associated MU. It can be expressed as where is a random variable representing the time interval from the arrival of a paging request to finding the associated MU. In deriving the queueing models, they have assumed that paging requests arrive at the system according to a Poisson process with arrival rate , and that individual searching events at each cell are serviced at the identical completion rate of exponential distribution. In addition, the maximum number of cells in each PA is assumed to be so that the number of PAs , is , where denotes the smallest integer larger than . Referring to [10] , the performances of those paging methods can be summarized as in Table I . The performances of both the sequential and sequential group paging methods were analyzed with a uniform location probability; that is, for every MU and cell . This uniform location probability case has been verified as giving the performance upper bound of the sequential paging method [9] .
Based on these methodological properties of each paging method, this paper proposes an efficient paging procedure for the optical feeder microcellular system. Therewith, by referring to [10] , the performance of the sequential group paging method can be found as being better than that in either of the simultaneous paging or sequential methods. This provides the authors with the motivation to analyze the system with only the sequential group paging method adopted.
The proposed paging procedure can be summarized as being composed of the following features:
1) group simulcasting of paging signal in each PA; 2) dynamic allocation of control channel; 3) central management of paging queue. The performance of the paging procedure is then derived under two different cases. First, a uniform location probability case is considered via approximation analysis of the associated queueing model to measure the mean paging delay in Section IV. Second, a nonuniform location probability case incorporating both paging time limit and conditional error probability is considered via simulation approach in Section V. The overall paging procedure and the associated performance analysis are also discussed in the next sections.
III. PROPOSING A PAGING PROCEDURE
According to the aforementioned broadcasting nature for paging, the group simulcasting technology can be easily adopted for the paging procedure to transmit paging signals. However, when group simulcasting is made, the group of associated cells needs to be identified instead of the exact cell (mBS) where the target MU resides. In fact, in a situation where group simulcasting is applied for voice/data transmission, the information of the group rather than its individual cells where the target MU resides will be enough to serve any incoming call. Moreover, to search all the cells of each PA, the system without the group simulcasting technology incorporated may need control channels. However, the system with the group simulcasting technology incorporated may need only one control channel no matter how many cells are grouped into the PA. Thus, the paging load for each cell will remain unchanged, but the paging load for each control channel will be reduced to that of the sequential paging, so that the efficiency of the control channel utilization will increase dramatically. To adopt the group simulcasting technology for paging, all the cells of any group would be better to belong to the same PA so that each PA corresponds to such a group being considered for group simulcasting through data channels.
For any RA having control channels, all the previous research in the literature has considered the restricted systems such that fixed allocation of the control channels is made to all the associated cells so as to have at least one control channel per cell. However, as considered in this paper, the optical feeder microcellular system with SDS equipped can allow dynamic allocation of control channels within each RA. Thus, the control channels can be shared among all the PAs within the RA, so that they can be allocated dynamically to the associated PA whenever any paging request arrives at the RA.
In current PCS systems, a location manager is responsible for controlling the whole paging process [17] . However, to adopt the group simulcasting and dynamic control channel allocation technologies for paging in the optical feeder microcellular system, the SDS and the group server at the associated mBSC need to be involved in any paging procedure. Thus, their integrated features are derived in a modified version of paging, as shown in Fig. 1 , where a location manager contains the following key components: 1) location database, 2) an estimation engine, and 3) a search engine (SE). The location database contains the identified location information of each MU associated with the location manger. The estimation engine uses the identified information to compute the location probability of each target MU within the RA. The SE uses these location probabilities as inputs to an optimal search procedure for determining the paging sequence of PAs to be searched. Therewith, to minimize the number of PAs to be searched, the PA with maximum location probability will be selected first and searched [9] . If the target MU does not reside in a PA, then any PA with maximum location probability among the remaining PAs will be selected.
The overall procedural sequence of paging (see Fig. 2 ) is as follows. As a paging request for an MU arrives at his RA, the data regarding the location probability of the MU are retrieved from the location database and then used to determine the optimal search sequence by the associated SE. Thereafter, the SDS allocates the control channel through which the associated group server will broadcast paging signals. If the MU is not found, then this paging procedure will be repeated until the MU is found or the paging time limit is reached.
It can be noted that, in the paging procedure, two events will take nonnegligible process times. One event is related to both the SE and the SDS. The SE will need time to determine the paging sequence, and the SDS will also need switching time to allocate the control channel. The sum of these two process time terms, denoted by , is newly introduced for the optical feeder microcellular system. The other event is the search event itself, which will need time, denoted by , to broadcast the paging signal and wait for response from the associated target MU. Note that during , no other paging request can use the allocated control channel. The paging process of these events can be modeled as a queueing system under the assumptions that both and follow exponential distributions with mean 1 and 1 , respectively, and that . In conventional systems, if all the control channels of a PA are occupied by some paging requests, then the following paging requests will all be required to wait in queue at the associated PA or cell. However, in the optical feeder microcellular system, each mBS is too simple to have any room for such waiting. Only a central queue is allowed at the mBSC instead. Therefore, if the control channel is not available to any paging request, then the paging request will be blocked to back to the central queue. Accordingly, the proposed paging procedure can be modeled as a queueing network consisting of two subsystems represented by G/M/1 and G/M/C/C model, as described in Fig. 3 . The G/M/1 part is called System 1 and the G/M/C/C part is called System 2. In both Systems 1 and 2, customer arrivals correspond to incurring paging requests. The server of System 1 represents the associated SE and SDS with service time . On the other hand, each server of System 2 represents a control channel with common service time . As a customer completes his service at System 1, he can move to System 2 unless all the servers of System 2 are occupied by other customers. If there is no server available to the customer at System 2, he will be blocked at System 2 and so back to System 1. As the customer completes his service at System 2, he can leave the queueing system or go back to System 1, where "leaving the queueing system" means that the associated target MU is found. "Being back to System 1" means that the target MU is not found so that more paging trials are required. Let the location probability of an MU in each group represent the probability that the MU resides in group . Then the routing probability of leaving or being back to System 1 depends on both the search strategy and the of the associated MU. Even for the uniform location probability case assumed in [9] and [10] , it may be difficult to analyze the associated queueing network exactly. This is because the arrival processes at the system do not follow a Poisson process, even if paging request arrivals from outside of the system follow a Poisson process [18] . Moreover, it is not a Jackson-type of queueing network, which can provide a product form solution [18] , because the process of feedback to System 1 is involved due to blocking. Therefore, any exact analysis of the queueing network seems difficult to do. Thus, an approximation analysis method for the queueing system will be considered in the next section.
IV. AN APPROXIMATION ANALYSIS METHOD
In this section, an approximation analysis method for the proposed paging procedure is derived and then used to compute any paging delay for the uniform location probability case where each MU has high mobility across the whole service area. The proposed analysis method for this uniform distribution case can be easily applied to any other location distribution cases as long as all the MUs follow the same location distribution. In the method, the arrival processes at both Systems 1 and 2 are assumed to be Poisson processes so that their delay measures can be easily obtained. The proposed queueing networks can then be handled as if they were Jackson-type networks so that the whole system is decomposed into two independent M/M/1 and M/M/C/C types of subsystems (Systems 1 and 2) and each subsystem is analyzed independently.
Each of the two subsystems is now analyzed as follows. Input to System 1 has three components: paging request, feedback due to blocking, and MU search failure. Paging requests arrive at rate from outside of the queueing network. Each paging request passes through System 1 and System 2 in sequence, as seen in Fig. 3 . If any traffic is blocked at System 2 after passing through System 1, then the paging request will return to System 1 again. This returning process will be repeated until passing through (no further blocking) System 2. Now, suppose that the blocking probability in System 2, denoted by , is fixed at a value. Then the repeating process will follow a geometric distribution with parameter 1 due to the Poisson arrivals see time averages (PASTA) [18] in System 2. Then the average number of visiting System 1 due to blocking at System 2 can be derived as 1/(1 ). Moreover, each paging request can also go back to System 1 as its MU search fails, which forms another returning process. In this case, the returning probability due to the th search failure can be derived [10] , [19] as , for . Thus, the average rate of returning to System 1 due to the th search failure at System 2 is derived as . These terms are all added up to give the arrival rate at System 1, denoted by , as (1) Consider the situation where the location probability follows any arbitrary (nonuniform) distribution with finite elements and the relation holds for . Let all PAs be indexed in the location probability order such that for . Then, (1) can be easily modified as (2) If System 1 is assumed as an M/M/1 queueing system, then the average delay of System 1, denoted by , can be calculated as (3) The arrival rate at System 2, denoted by , is equivalent to the arrival rate at System 1, since the arrival and departure rates at System 1 are equal. The average delay of System 2, denoted by , can be calculated from that of the M/M/C/C model as (4) Similarly, if the input rate at System 2 is fixed at a value, then the blocking probability can be calculated based on the famous Erlang-B formula [18] as where (5) Moreover, in searching a PA, the queueing system requires a customer (paging request) to visit System 1 (1/1 ) times on average before receiving service at System 2, so that the associated delay can be determined as . The average number of searched PAs is ( 1)/2 so that the mean paging delay can be derived as
The arrival rate at System 1 can be obtained by allocating an initial value for and then iterating with (1) and (5) until the rate converges to a fixed value. Thereupon, the value can be calculated based on the value. For example, the iteration can be initiated by setting at zero. To test the effectiveness of the approximation method, a simulation is conducted for comparing its result with that of the approximation method. The test results are plotted in Figs. 4 and 5. The test is made with varied but with the other parameters fixed. Referring to Fig. 4 , obtained from the analysis is shown to be smaller than that from the simulation, while the value of from the analysis is slightly different from the simulation result. However, the gaps between the test results of the simulation and the analysis approaches are very small in both and . Thus, the proposed approximation method seems to be an excellent approach for analyzing the proposed queueing system.
The performance of the proposed sequential group paging procedure is compared with those of the three paging methods-simultaneous paging, sequential paging, and (conventional) sequential group paging-in terms of paging load to each channel and mean paging delay . Fig. 6 plots the paging load of each method against , which is defined as . Each control channel in previous paging methods in the literature has the same paging load as a cell, if each cell has one control channel, whereas the control channel of the proposed paging procedure has paging load at but each cell has paging load at . Referring to Fig. 6 , the paging load of the proposed paging procedure appears smaller than that of any previous paging methods. This is because the proposed strategy of dynamic control channel allocation allows the control channels to be shared among PAs so as to use control channels more efficiently. Moreover, having such smaller paging load leads to the situation where the associated paging system can have remaining system capacity to serve additional paging requests, compared to any previous paging method. Fig. 7 plots of each method against . With small , the simultaneous paging method outperforms any other paging methods, including the proposed procedure. As increases, the queueing system associated with the simultaneous paging method overflows and the value of increases dramatically. Thus, the value of the proposed paging procedure is smaller than that of any previous paging method except the small case, as shown in Fig. 7 . This is due to waiting time reduction induced by allowing remaining system capacity, referring to Fig. 6 . Moreover, the waiting time reduction is also induced by employing a common central queue at mBSC for each paging request, which allows resource sharing among all paging requests. Moreover, as increases, the value of for the proposed paging procedure changes very little compared to any previous paging method. This is due to remaining system capacity to serve any additional paging requests. In addition, is larger than . Thus the queueing system associated with the proposed procedure is more stable than that of any previous method. Therefore, referring to Figs. 6 and 7, fewer control channels are required for the proposed paging procedure to achieve the same performance, in comparison with that of any previous paging method, so that the remaining control channels can be used as data channels to increase the associated system performance. Based on these results, it is concluded that the proposed paging procedure seems to outperform all the previous methods in the literature with respect to paging delay.
However, it is found that the performance analysis of the proposed paging procedure with respect to the paging time limit is very difficult to make. Therefore, simulations are conducted to obtain the associated performance of the proposed paging procedure in the next section.
V. SIMULATION RESULTS OF PERFORMANCE WITH RESPECT
TO PAGING TIME LIMIT
In this section, the performance of the proposed paging procedure is further evaluated with respect to the paging time limit via a simulation approach. The associated queueing system, described in Fig. 3 , is programmed in C++ language and performed on a Pentium III 670-MHz PC. With the same sets of queueing parameters, the associated simulation procedure is conducted five times, and the average of these simulation results is presented in Figs. 8-13 . The location probability for groups is not set at 1 but generated from a uniform distribution (0,1).
In the simulation, only the effect of the dynamic channel allocation strategy needs to be validated so that the performance of the SDS paging system adopting the dynamic channel allocation strategy is compared with that of the non-SDS system not adopting the dynamic channel allocation strategy. Both systems adopt the group simulcasting technology. In the non-SDS paging system, each group has the same number of channels as and cannot use a channel that is already allocated to any other group, even if it is not used currently. Moreover, to reflect the real-world situation, paging delay limit and conditional error probability are introduced so as to add paging success probability to the performance measure.
The associated conditional error probability is represented by the conditional probability that there is no response from an MU due to any intermittent disconnection between the MU and the associated mBS during the interval of searching, given that a cell (or PA, group) in which the MU actually resides is searched. In other words, this disconnection situation represents a chance that the target MU may reside in the group that was previously searched but not responded. Referring to [17] , [20] , and [21] , in such disconnection situation (the existence of a conditional error probability), the number of groups to be searched can be minimized by searching first the group with the maximum Bayesian probability, where the Bayesian probability, say, denoted by , represents the probability that MU may reside in group , given that searching the group ends up with failure. Thereby, the paging sequence strategy of [17] will be adopted here in the simulation approach where the conditional error probability is assumed to be the same for all groups such that , . If the target MU is not found within any given time limit , then the system will abandon any further searching and so the call will not be delivered to the called MU. Thus, the paging success probability, denoted by , can be considered as another important performance measure, which is defined as the probability that a target MU is found within time limit . Thereby, can be expressed as This implies that we should know the distribution of to determine the value. However, it is not easy to know the distribution, so that it is difficult to compute from any analytical approach. Therefore, the value will now be obtained from the proposed simulation approach. First, the paging procedure is investigated with respect to channel utilization. Figs. 8 and 9 show the results of the simulation. The SDS paging system with six different values of can be compared with the non-SDS paging system with being set to ten. With greater than five, the SDS paging system outperforms the non-SDS paging system at all performance measures. This is because the SDS paging system uses control channels more efficiently than the non-SDS paging system so that it can be expected that blocking may occur in the system, which may enforce generation of idle control channels. In other words, the lower channel utilization may make the performance of the non-SDS paging system worse. Referring to Figs. 8 and 9 , the required number of control channels for the SDS paging system to achieve the same performance as the non-SDS paging system is about half that of the non-SDS paging system.
To test any effect of the paging request arrival rate on the proposed paging procedure, some simulations are conducted with various values of . Figs. 10 and 11 show how and change as varies. The performances of both the SDS and non-SDS paging systems are similar to each other as having light paging load, while as increases, the difference in the performance becomes larger. When traffic load is light, the channel utilization for the systems is very low, so that the dynamic channel allocation strategy is not of much benefit to the systems. But as traffic load becomes heavy, the control channels will be fully occupied, so that blocking at control channels will happen frequently. Accordingly, paging delay will increase due to long waiting time in the queue, while the paging success probability will decrease.
To testify the effect of the paging time , being represented by the mean service rate of System 2, on the performance of the proposed paging procedure, several simulations are performed with various values. Figs. 12 and 13 show the results of the simulations.
As increases, the service time of System 2 increases. This means that the time of holding the associated control channel increases. As a consequence, the control channel blocking probability increases so that the effective load on System 1 increases. Therefore, an increment in both the delay of System 1 and the blocking probability incurs an increase in the mean paging delay . However, for the SDS paging system is not much affected by the increase of , so that is smaller than that of the non-SDS paging system. Thus, the associated increment of paging delay due to the increase of is not made as much as that of the non-SDS case. This trend can be confirmed from Figs. 12 and 13.
VI. CONCLUSION
In this paper, a sequential group paging procedure is proposed for the optical feeder microcellular system such that two new strategic features-group simulcasting of paging signal and dynamic channel allocation of control channels-can be applied for paging. To analyze the performance of the proposed procedure, the associated paging system is modeled as a queueing network consisting of G/M/1 and G/M/C/C queueing models for which an approximation analysis method is developed and validated by comparing its results with those obtained from simulation. The results of the approximation method are almost equal to those of simulation. Accordingly, the proposed approximation method is suggested as an excellent approach for analyzing the proposed queueing system. The performance of the proposed paging procedure is also compared with those of previous paging methods-simultaneous paging, sequential paging, and (conventional) sequential group paging-in terms of paging delay and paging load. The proposed procedure outperforms the other methods. These results imply that the optical feeder microcellular system with the proposed paging procedure can solve the location management problem of any next-generation cellular system.
For further research, it will be interesting to develop a similar paging procedure incorporating the simultaneous paging method for the optical feeder microcellular system. For the procedure, RA may need to be divided into several groups that are to be searched simultaneously, and the paging signals are to be transmitted via group simulcasting within the cells of each group. However, the associated queueing model may become somewhat complex as the strategy of dynamic control channel allocation is incorporated. It will also be interesting to develop some searching strategies considering any availability status of the control channel or the remaining time in a given paging time limit.
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